The gap junction protein connexin-45 (Cx45) is expressed in the conduction system of the heart and in certain neurons of the retina and brain. General and cardiomyocyte-directed deficiencies of Cx45 in mice lead to lethality on embryonic day 10.5 as a result of cardiovascular defects. Neuron-directed deletion of Cx45 leads to defects in transmission of visual signals. Connexin-36 (Cx36) is coexpressed with Cx45 in certain types of retinal interneurons. To determine whether these two connexins have similar functions and whether Cx36 can compensate for Cx45, we generated knock-in mice in which DNA encoding Cx45 was replaced with that encoding Cx36. Neuron-directed replacement of Cx45 with Cx36 resulted in viable animals. Electroretinographic and neurotransmitter coupling analyses demonstrated functional compensation in the retina. By contrast, general and cardiomyocyte-directed gene replacement led to lethality on embryonic day 11.5. Mutant embryos displayed defects in cardiac morphogenesis and conduction. Thus, functional compensation of Cx45 by Cx36 did not occur during embryonic heart development. These data suggest that Cx45 and Cx36 have similar functions in the retina, whereas Cx45 fulfills special functions in the developing heart that cannot be compensated by Cx36.
Introduction
In excitable tissues, such as the nervous and cardiovascular system, gap junction channels are responsible for intercellular electrical coupling. In addition, they permit the exchange of metabolites, signaling molecules and small ions. A gap junction channel is composed of connexin proteins, which are encoded by a multigene family that consists of 20 members in the mouse and 21 in the human genome (Söhl and Willecke, 2003) .
The mouse connexin-45 (Cx45) protein (encoded by the Gjc1 gene) is strongly expressed in early stages of development in the whole embryo (Krüger et al., 2000; Kumai et al., 2000) . In the embryonic heart, Cx45 expression is strongest between embryonic day (E) 8.5 and 10.5, as it was detected in all cardiac compartments including the inflow and outflow tracts and the atrioventricular canal. During further development, its expression is progressively downregulated (Alcoléa et al., 1999) . In adult mice, Cx45 is expressed predominantly in the cardiac conduction system, including sinus and atrioventricular nodes, His bundles, bundle branches, Purkinje fibers (Coppen et al., 1998; Coppen et al., 1999) and the central nervous system, including the retina (Maxeiner et al., 2003) , but also in other tissues (Krüger et al., 2000; Kumai et al., 2000) . General and cardiomyocyte-directed deletion of Cx45 causes embryonic lethality around E10.5. The embryos display cardiovascular defects and conduction failure in their developing hearts (Krüger et al., 2000; Kumai et al., 2000; Nishii et al., 2003) .
In the mouse retina, Cx45 has been detected in subpopulations of bipolar, amacrine and ganglion cells Maxeiner et al., 2005) . Cx45 has an important role in visual signal transmission: Cx45 deficiency in mouse retinal interneurons leads to defects in transmission of visual information (Maxeiner et al., 2005) . This defect lies within the primary rod-cone pathway, where AII amacrine cells transmit rod signals via ON cone bipolar cells to the cone pathway. The same defect in visual transmission was also described for Cx36-deficient mice (Güldenagel et al., 2001; Deans et al., 2002) . The mouse connexin-36 (Cx36) protein (encoded by the Gjd2 gene) is the predominant retinal connexin and is expressed in several subtypes of retinal neurons, including cones and bipolar cells (Feigenspan et al., 2004; Han and Massey, 2005; Lin et al., 2005) , amacrine cells Mills et al., 2001; Deans et al., 2002) and ganglion cells (Schubert et al., 2005; Pan et al., 2010) . Both, Cx36 (Feigenspan et al., 2004) and Cx45 (Maxeiner et al., 2005) are co-expressed in several types of OFF cone bipolar cells, and there is some evidence that Cx36 and Cx45 are expressed in the same electrical synapse as heterotypic gap junction channels between AII amacrine and ON cone bipolar cells (Dedek et al., 2006) . Cx36 contributes to this synapse on the amacrine cell side, whereas biochemical, electrophysiological and immunohistological data indicate that a different connexin is expressed on the bipolar cell side (Mills and Massey, 1995 Mills, 1999; Feigenspan et al., 2001; Veruki and Hartveit, 2002) . Cx45 has been suggested to participate in this heterotypic synapse (Maxeiner et al., 2005; Dedek et al., 2006) and data derived from single-cell RT-PCR experiments point to a complex and cellsubtype-specific expression of Cx36 and Cx45 in ON cone bipolar cells (Lin et al., 2005; Han and Massey, 2005) . But colocalization of Cx36 and Cx45 could not be detected in vitro in cell culture , and findings from double-replica analysis of gap junctions containing Cx36 and Cx45 in the inner plexiform layer (IPL) of the rat retina revealed the presence of both Cx36 and Cx45 in apposed hemiplaques (Li et al., 2008) . Hence, Li and colleagues (Li et al., 2008) proposed that electrical synapses between AII amacrine and ON cone bipolar cells are formed by bi-homotypic gap junctions. Currently, the composition of these gap junctions between AII amacrine and ON cone bipolar cells is not clear.
Because Cx45 and Cx36 are both necessary for signal transmission in the primary rod to cone pathway and show a partial overlapping expression pattern in the IPL, we wanted to investigate whether the function of Cx45 is unique or can be replaced by Cx36. For this study, we generated a conditional mouse line in which Cx45 could be replaced with Cx36 after Cre-mediated recombination. Using different transgenic mice expressing Crerecombinase in distinct cell types, we studied the exchange of the two connexins in different tissues. Although neuron-directed replacement of Cx45 by Cx36 indicated functional compensation in the retina, cardiomyocyte-directed compensation by the neuronal Cx36 did not occur, and heart malformations due to the lack of Cx45 were not rescued.
Results

Generation of Cx45-knock-inCx36 mice
To circumvent embryonic lethality, which occurs after general ablation of Cx45 (Krüger et al., 2000; Kumai et al., 2000) , we generated a mouse line that carries a floxed Cx45 coding region, i.e. flanked by two loxP-recognition-sites for Cre recombinase (Nagy, 2000) . The coding region of Cx36, followed by NLS-lacZ reporter DNA, was inserted behind the floxed Cx45 coding region. After Cre-mediated recombination, the coding region of Cx45 was removed and replaced with the coding regions of Cx36 and lacZ, so that both were driven by the endogenous Cx45 promoter (Fig.  1A) . Ubiquitous replacement (knock-in) of Cx45 with Cx36 was accomplished by breeding Cx45 Cx36] mice with PGK-Creexpressing mice (Lallemand et al., 1998) . To generate a neurondirected exchange, floxed-Cx45-knock-inCx36 mice were bred with Nestin-Cre-expressing mice (Tronche et al., 1999) and mating of floxed mice with MyHC-Cre-expressing mice (Agah et al., 1997) led to a cardiomyocyte-directed replacement.
3606 Journal of Cell Science 123 (20) , carrying a loxP-flanked coding region of Cx45 (exon 3), a neomycin selection cassette, the coding region of Cx36 and an IRES cassette followed by a NLS-lacZ reporter gene, was inserted in the Cx45 wild-type locus via homologous recombination. Flp-recombinase-activity led to deletion of the neomycin cassette resulting in a Cx45 Southern blot analyses of DNA samples from different transgenic mice showed correct insertion of the targeting vector in the mouse genome (Fig. 1B) . A PCR was established for genotyping transgenic mice and to distinguish between the three possible allelic forms (Fig. 1C) . Expression of the Cx36-knockin allele (Cx45 Cx36 ) was verified at the transcriptional level by RT-PCR, from tissues where otherwise Cx45 is expressed (not shown), and at the translational level by immunoprecipitation and immunoblotting of retinal lysates (Fig. 1D) . The immunoblot showed stronger expression of Cx36 in retinae from Cx45
Cx36/+ mice relative to wild-type and floxed mice, which both demonstrated normal expression levels of the Cx36 protein (Fig.  1D) . In summary, our analyses showed correct insertion of the targeting vector into the mouse genome and expression of Cx36 on the transcriptional and translational levels in tissues that otherwise expressed Cx45. : Nestin-Cre mice, in which neuron-directed exchange of Cx45 with Cx36 had occurred, did not show any structural alterations.
Comparison of the -gal staining patterns in retinal cryosections of control ( Fig. 2A ) and mutant mice (Fig. 2B ) revealed successful gene replacement in retinae of the mutant mice. Moderate-toprominent blue labeling was found in the nuclei of many different cells located in the inner nuclear layer (INL) and the ganglion cell layer (GCL) of retinae from mutant mice. This distribution pattern of -gal signals resembles the Cx45 expression patterns described in two other transgenic mouse lines [Cx45 lacZ/+ mice (Krüger et al., 2000) and Cx45 fl/fl :Nestin-Cre EGFP mice (Maxeiner et al., 2005) ]. To examine the retinal distribution of Cx36 and Cx45 in more detail, we used immunohistochemistry on retinal cryosections. For comparison and quantification of Cx36-and Cx45-immunoreactive gap junction plaques in the IPL, vertical retinal sections obtained from control (n4) and mutant mice (n4) were double-labeled with antibodies against Cx36 and Cx45. Consistent with previous reports Mills et al., 2001; Dedek et al., 2006) , we detected partial overlapping of Cx36-and Cx45-positive puncta in the IPL of retinae from control mice, with slightly more intense labeling in the ON than in the OFF sublamina (Fig. 2C ,E,G). Distribution of Cx36 and Cx45 immunosignals in the outer plexiform layer (OPL) of control retinae was sparse and distinct, with few very bright Cx45-positive puncta located at the border between the OPL and the INL and a more continuous band of weak Cx36 immunoreactivity in the OPL, which was occasionally covered by blood vessels showing strong non-specific labeling (Fig. 2E) . In retinae of mutant mice, the patterns of Cx36 and Cx45 immunosignals were distinctly different from those found in control mice. In the IPL, Cx45 signals almost completely disappeared in both the OFF and ON sublaminae, whereas the strong puncta at the distal border of the INL remained (Fig. 2D) . Although Cx45 immunoreactivity was strongly reduced, the density of Cx36-positive puncta in the IPL was notably increased, with more intense staining in the OFF sublamina (Fig. 2F,H) . In addition, stronger Cx36 immunoreactivity in the OPL was observed in the retinae of mutant mice compared with the weak Cx36 staining in the controls.
To quantify the differences in retinal expression of Cx36 and Cx45 in mutant and control mice, we counted Cx36 and Cx45 immunosignals in the OFF and ON sublaminae of the IPL.
Comparability of data from the two groups of animals was ensured by handling the retinal sections under identical conditions, placing them on the same slide and counting immunosignals only in confocal images (image stacks of 3 m) taken with identical microscope settings on the same day. As summarized in Fig. 3 , Cx45 immunostaining in both sublaminae of the IPL of retinae of mutant mice was not completely abolished, but was reduced compared with staining in control retinae. Despite variation in the number of Cx45 immunosignals, we found a strong but not significant reduction in Cx45 signals in the OFF sublamina (mean reduction 60%; P0.073) and a significant reduction in the ON sublamina (mean reduction 70%; P0.028) of mutant retinae. This correlated with the significant increase of Cx36 immunosignals in the OFF sublamina (mean increase 70%; P0.041) and a twofold 3607 Replacement of mouse Cx45 with Cx36 :Nestin-Cre mice. Owing to the nuclear localization signal in front of the lacZ reporter gene, -gal staining should appear in the nucleus. (A,B)Retinae of control mice showed no positive -gal staining (A), whereas in retinae of mutant mice the expected nuclear expression pattern of neurons located in the inner nuclear layer and the ganglion cell layer was detected (B). Immunofluorescence analyses demonstrated prominent Cx45-and Cx36-positive signals in the inner plexiform layer (IPL), in the control retina (C,E,G), showing partial overlap and a higher density in the ON sublamina (G). In the mutant retina (D,F,H), Cx45-immunoreactive signals were barely detectable, whereas Cx36 labeling appeared denser with larger signals than the control, primarily in the OFF sublamina (H). G and H show co-labeling for Cx45 and Cx36 in magnified regions indicated in E and F. OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars: 50m (A), 10m (C,G). increase in Cx36 immunosignals observed in ON sublamina (mean increase 106%; P0.014) of mutant mice (Fig. 3) .
These data clearly demonstrate that the reduction in Cx45 protein in the IPL of retinae from Cx45
:Nestin-Cre mice is associated with an increase in Cx36 protein in the same layer, suggesting that Cx45 can be exchanged with Cx36 in retinal interneurons. :Nestin-Cre mice ON cone bipolar cells contain a high level of the neurotransmitter glycine, which is obtained from glycinergic amacrine cells via gap junction channels (Vaney et al., 1998) . To determine whether Cx36 can compensate for Cx45 and prevent the loss of functional coupling between AII amacrine and ON cone bipolar cells which results from the absence of Cx45 (Maxeiner et al., 2005) , we analyzed the distribution of glycine in retinae of control :Nestin-Cre mice. Glycine was detected by indirect immunofluorescence using polyclonal anti-glycine antibodies. We compared the patterns of glycine immunosignals in sections obtained from control and mutant mice. The characteristic prominent labeling of amacrine cells was indistinguishable in control ( Fig. 4A ) and mutant mice (Fig. 4B ). We found moderate glycine immunolabeling in a similar number of bipolar cells in control and mutant animals, indicating that the replacement of Cx45 by Cx36 does not affect neurotransmitter transfer and, thus, functional coupling between AII amacrine and ON cone bipolar cells.
Electroretinograms of control mice are very similar to those of mutant mice
The electroretinogram (ERG) is a noninvasive technique commonly used to evaluate the function of the retina, and can be used as an effective tool to identify and characterize mice mutants with visual defects (Pinto et al., 2007) . The ERG waves result from currents that flow within the eye during light-induced activity and originate in photoreceptor cells (negative-going a-wave), depolarizing bipolar cells (positive-going b-wave) and glial and retinal pigment epithelial cells (c-wave) (Peachey and Ball, 2003) . Cx45-and Cx36-deficient mice show abnormalities in scotopic ERGs, with a significantly decreased amplitude of the b-wave (Güldenagel et al., 2001; Maxeiner et al., 2005 :Nestin-Cre mutant mice. To test this hypothesis and assess the functional consequences of Cx45 replacement, we compared the scotopic ERGs recorded from darkadapted control (n5) and mutant (n6) mice. Maximal amplitudes and implicit times of a-and b-waves and oscillatory potentials were measured and quantified as a function of stimulation intensity. As shown by the representative superimposed responses in Fig.  5A , the response curves from control and mutant mice appeared very similar. Furthermore, quantification of the a-and b-wave amplitudes, including the oscillatory potentials, revealed no significant differences between the two groups of animals at all light intensities (Fig. 5B ). In addition, we found that the thresholds and implicit time functions of a-and b-waves, as well as oscillatory potential peak power and peak frequency (not shown), were unchanged in mutant mice compared with controls ( Fig. 5C ).
Taken together, these data clearly show that genetic replacement of Cx45 by Cx36 in retinal neurons does not lead to changes in signal transduction in the two plexiform layers of the retina, because neither the measured a-wave, the b-wave or oscillatory potentials 3608 Journal of Cell Science 123 (20) :Nestin-Cre mice only in the ON sublamina (P0.028) of the IPL, the trend towards a significant reduction of Cx45 in the OFF sublamina (P0.073, n4) of the mutant is obvious, too. In comparison with Cx45, Cx36 immunosignals appear significantly increased in both, the OFF (P0.041) and ON (P0.014) sublaminae of the IPL in Cx45
:Nestin-Cre mice. For quantification, three projection images (stacks of 15 confocal images, each of 0.2m thickness) were taken from the central retina and the distributions of Cx45 and Cx36 immunosignals in the IPL were analyzed using ImageJ. For each projection immunosignals were counted in five areas of 150ϫ150 pixels placed in the ON and OFF sublaminae of the IPL. Data represent mean of the medians ± s.d. Medians were obtained on the basis of Cx45 and Cx36 immunosignals counted separately in 15 areas of the ON and OFF sublaminae for each mouse and which were normalized to immunosignals per 100m 2 . *P<0.05; n4 for both wild-type and mutant mice. :Nestin-Cre retinae, suggesting that Cx36 can functionally compensate for the loss of Cx45 at heterotypic gap junctions between AII amacrine and cone bipolar cells. Projections of 11 scans, 0.2m each. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars: 20m.
of the mutant mice differed from controls. Thus, our data provide strong evidence that the neuronal Cx36 can functionally compensate for the loss of Cx45 in retinal neurons and restore signal transmission in the inner retina.
Ubiquitous and cardiomyocyte-directed replacement of Cx45 with Cx36 leads to embryonic lethality at E11.5
Heterozygous mice were viable and showed no abnormalities, but no live-born homozygous offspring (Cx45 Cx36/Cx36 mice) were obtained after ubiquitous, PGK-Cre-recombinase-mediated exchange of Cx45 with Cx36, indicating embryonic lethality. The same result was observed after MyHC-Cre-recombinase-mediated homozygous replacement of Cx45 with Cx36 in cardiomyocytes (Cx45
:MyHC-Cre mice). The time point of lethality was determined by embryo preparation at different embryonic stages. At E9.5, all embryos appeared normal, and mutant embryos (Cx45
Cx36/Cx36 and Cx45
:MyHC-Cre) were similar to or slightly smaller than control embryos (Cx45
Cx45
Cx36/+ and Cx45
:MyHC-Cre) (Fig. 6 ). By E10.5 and 11.5, mutant embryos were visibly retarded in growth and development and were 33-40% smaller than their control littermates. Mutant embryos showed enlarged hearts that were contracting weakly until E11.5. Most of the embryos at E11.5 showed the first signs of degradation, indicating that they were already dead. From E12.5 onwards, only reabsorbed embryos were found. These findings indicate that Cx45
:MyHC-Cre embryos die around E11.5. :MyHC-Cre and control mice
Expression patterns of
As expected, strong -gal staining was observed throughout the whole body in Cx45 Cx36/Cx36 mutants, which was slightly milder in Cx45
Cx36/+ control embryos (Fig. 7A ), similarly to that described in Cx45-deficient embryos (Krüger et al., 2000; Kumai et al., 2000) . In cardiac-specific knock-in embryos, -gal expression was restricted to the heart (Fig. 7A) . Homozygous Cx45
: MyHC-Cre mutants showed strong -gal expression throughout all cardiac compartments (Fig. 7A) . By contrast, in heterozygous Cx45
:MyHC-Cre control embryos, -gal staining was primarily restricted to the atrioventricular canal and the outflow tract (Fig. 7A) . Because mutant embryos were clearly underdeveloped, they did not seem to undergo the spatiotemporal downregulation of Cx45, which is associated with further heart development in wild-type mice (Alcoléa et al., 1999) . No -gal puncta were found in Cx45 Cx36] control embryos (Fig. 7A ). In the adult heart of heterozygous Cx45
:MyHC-Cre mice, the distribution of -gal (Fig. 7B) and Cx36 (Fig. 7C) signals correlated with the endogenous Cx45 expression pattern (Fig. 7 D (Fig. 7G) were detected. Instead, these hearts showed a normal Cx45 expression level (Fig. 7H ). To ensure, that the stained regions were part of the conduction system, serial heart cryosections were stained for the marker acetylcholine esterase (Fig. 7E,I ). :Nestin-Cre (triangles and diamonds). The data points are means ± s.e.m. shown). But by E10.5 and 11.5, mutant embryos showed mildly dilated hearts and pericardial effusion (Fig. 8B) , suggesting that the embryos underwent heart failure. In addition, mutant embryos had fewer endocardial cells in the endocardial cushion tissue (Fig.  8D ) than the controls (Fig. 8C) ; similar results are reported for Cx45-deficient embryos (Kumai et al., 2000) . The underdeveloped mutant embryos had no other structural defects apart from the heart. Large embryonic vessels, including aorta and yolk sac vessels, were relatively well developed. :MyHC-Cre embryos exhibit reduced heart beating frequency and conduction failure . Because on E11.5, mutant embryos were already dying and most of them showed only weak and dysfunctional heart contractions, we chose to perform the analyses with embryos at E10.5. In control embryos, contraction was initiated in the primitive atria of the embryonic heart tube and spread through the atrioventricular canal to the primitive ventricles (supplementary material Movie 1). In mutant embryonic hearts, transmission of atrial contraction impulses into the ventricles was severely impaired owing to occurrence of 2:1 or 3:1 AV blocks in 60% of the embryos. More precisely, only every second or third impulse of the atrium finally reached the ventricle (supplementary material Movie 2), indicating disruption of impulse conduction in the atrioventricular canal. In addition, the beating frequency of atria and ventricles was significantly reduced (around 60%) in mutant hearts (Fig. 9) . Thus, our results show that Cx45 is essential for the first embryonic cardiac contractions and impulse propagation, and Cx36 cannot fulfill these functions.
Discussion
Cx36 can functionally replace Cx45 in retinal interneurons
To obtain deeper insights into the specific functions of Cx45 in retinal signal transduction and determine whether two different retinal connexins are interchangeable, we generated mice in which Cx45 was replaced with Cx36 and lacZ in neurons. The -gal expression pattern indicated successful gene replacement in retinal neurons of the inner nuclear layer and ganglion cell layer, similarly to the reported wild-type Cx45 expression pattern (Krüger et al., 2000; Maxeiner et al., 2005) . Additionally, immunolabeling with Cx45-and Cx36-specific antibodies demonstrated a strong decrease 3610 Journal of Cell Science 123 (20) :MyHC-Cre mice, -gal signals were found in the conduction system of the heart (B), exemplified here in the His bundle, which was determined by acetylcholine staining (E,I). Immunofluorescence analyses showed overlapping Cx36 (C) and Cx45 (D) signals, which correlated with -gal signals (B). In hearts of control mice, staining for neither -gal (F) nor Cx36 (G) was visible. Instead, a normal expression pattern of Cx45 was detected (H). AChE, acetylcholine esterase; PI, propidium iodide for nuclear staining. Scale bars: 1 mm (A), 50m (I).
in Cx45 and a significant increase in Cx36 immunosignals in the IPL; these changes were most notable in the OFF sublamina, where native Cx36 expression is sparser than in the ON sublamina. Some Cx45 expression was observed in Cx45
:NestinCre retinae, which might have resulted from variation in the NestinCre recombination efficiency (Nagy, 2000) . Similar results on Cx45 immunofluorescence in Cx45 fl/fl :Nestin-Cre EGFP mice are also discussed by Dedek and co-workers (Dedek et al., 2006) .
In Cx45-deficient mice, coupling between bipolar and amacrine cells is abolished, leading to reduced bipolar cell glycine levels and abnormalities in the ERG (Maxeiner et al., 2005) . To determine whether replacement of Cx45 by Cx36 restores coupling, we analyzed glycine neurotransmitter transfer and ERG responses in the neuron-specific knock-in mice. ERGs from Cx45 :Nestin-Cre mice, indicating that Cx36 is able to replace the function of Cx45 in the primary pathway of visual signal transmission.
Whether Cx45 and Cx36 form heterotypic (Maxeiner et al., 2005; Dedek et al., 2006) or bi-homotypic (Li et al., 2008) gap junction channels between mouse AII amacrine and ON cone bipolar cells is still controversial. Although Cx45 is expressed in distinct types of amacrine cells, it could not be detected in AII amacrine cells (Maxeiner et al., 2005; Dedek et al., 2006) . Thus it is unlikely that Cx36 and Cx45 form only bi-homotypic gap junctions. In addition, for functional Cx36-Cx45 bi-homotypic gap junctions at this site, one might assume that information processing and neurotransmitter coupling between AII amacrine cells and ON cone bipolar cells should not be disturbed or only slightly affected, if one of the two connexins is missing, because gap junctional communication could at least partially be maintained by the remaining connexin. However, such maintenance of function was not observed in retinae of Cx36-and Cx45-deficient mice, but instead defects in neurotransmitter coupling and ERG responses were reported (Güldenagel et al., 2001; Deans et al., 2002; Maxeiner et al., 2005) . This underlines the importance of both these connexins for gap junctional communication in the inner retina. Our results from retinal analyses of Cx45
:Nestin-Cre mice support Cx36-Cx45 heterotypic gap junctions: signal transmission between AII amacrine and ON cone bipolar cells is restored when Cx45 is replaced by Cx36. Thus, we conclude that Cx36 replaces the missing Cx45 in Cx45
:Nestin-Cre mice by forming homotypic Cx36 gap junction channels between AII amacrine and ON cone bipolar cells, and thus restoring intercellular communication that occurs in wild-type retinae via heterotypic Cx36-Cx45 gap junctions.
Cx36 cannot replace Cx45 in the developing embryonic heart
In contrast to wild-type retina, in which Cx45 and Cx36 are partially co-expressed, Cx36 is not expressed in the wild-type heart. As both Cx45
:MyHC-Cre embryos die of morphological and physiological heart defects, we conclude that Cx36 cannot functionally replace Cx45 in the embryonic heart. It is very unlikely that the presence of Cx36 causes a toxic effect, because our data are similar to those described for Cx45-deficient embryos (Krüger et al., 2000; Kumai et al., 2000; Nishii et al., 2003) . Kumai and colleagues (Kumai et al., 2000) observed underdeveloped embryos with enlarged hearts (with pericardial effusion), endocardial cushion defects and, to some extent, conduction failure in the atrioventricular canal, which is analogous to our results. Thus, the phenotypic abnormalities observed with ubiquitous and cardiomyocyte-directed Cx45-knockinCx36 embryos are due to the absence of Cx45 and not due to a toxic effect of Cx36.
3611
Replacement of mouse Cx45 with Cx36 The expression of Cx36 in the embryonic heart might, however, have a transient compensatory effect. General and cardiac-specific Cx45-deficient embryos die around E10.5 (Krüger et al., 2000; Kumai et al., 2000; Nishii et al., 2003) :MyHC-Cre embryos lethality occurs one day later, around E11.5. Thus, Cx36 appears to extend the viability of the mutant embryos by one day. Because Cx45
Cx36/Cx36 embryos, in which Cx45 replacement by Cx36 is not restricted to the heart, die at the same time point as cardiac-specific knock-in embryos, we conclude that the absence of Cx45 in the heart is also the main cause of lethality in Cx45
Cx36/Cx36 embryos. This is similar to the results described by Kumai and co-workers (Kumai et al., 2000) and Nishii and colleagues (Nishii et al., 2003) .
Identical and unique functions of connexins
Why is functional replacement of Cx45 by Cx36 possible in the retina but not in the heart? In the retina, the two connexins are coexpressed, probably even in the same heterotypic gap junction channels (Maxeiner et al., 2005; Dedek et al., 2006) . Thus, they are likely to have similar functions. By contrast, Cx45 has an essential and unique role in development and function in the embryonic heart; this crucial function cannot be replaced by the neuronal Cx36. Our results suggest that the neuronal Cx36 shares some functional properties with Cx45 in neurons, but which are not sufficient to fulfill the essential role of Cx45 in the developing heart.
Which properties might distinguish Cx45 from that of neuronal connexins and make it suitable for its unique role in heart development? Cx36 and Cx45 gap junction channels differ in their biophysical properties. Cx36 gap junction channels show a very small unitary conductance (Յ15 pS) and weak sensitivity to transjunctional voltage (~±75 mV) (Srinivas et al., 1999; Al-Ubaidi et al., 2000) , whereas Cx45 channels have a ~twofold higher single-channel conductance (~30 pS) and a sixfold higher voltage sensitivity (±13.4 mV) (Moreno et al., 1995; Barrio et al., 1997; Elenes et al., 2001) . Thus, small alterations in membrane potential that lead to closure of Cx45 channels do not affect Cx36 channels. Another characteristic difference between gap junction channels composed of Cx36 and those composed of Cx45 is their regulation by intracellular pH. Although intracellular alkalization leads to an increase in junctional coupling of channels formed by each other tested connexin, it causes a reduction in the junctional conductance of Cx36 channels (González-Nieto et al., 2008) . Functional differences between Cx36 and Cx45 could also result from posttranslational modification, for example by phosphorylation. Cx36 and Cx45 channels are both regulated by cAMP-dependent protein kinase A (PKA), but most likely with opposite effects on gap junctional coupling (Urschel et al., 2006; Kothmann et al., 2009; Li et al., 2009; van Veen et al., 2000) . Urschel and colleagues (Urschel et al., 2006) suggested that Cx36 channels between mouse retinal AII amacrine cells are closed by PKA-mediated phosphorylation, but recently published results using different systems (Kothmann et al., 2009; Li et al., 2009 ) suggest that the PKA-mediated phosphorylation of Cx36 leads to increased cell coupling of rabbit or zebrafish retinal neurons. By contrast, Cx45-mediated coupling between HeLa cells, transfected with mouse Cx45 cDNA, seems to be decreased after activation of PKA (van Veen et al., 2000) . However, these findings await verification in an appropriate in vivo system, such as the heart or retina, where Cx45 is expressed in significant amounts and cell populations with distinct functions.
Another important difference between Cx36 and Cx45 channels is their permeability to cAMP. As shown by Bedner and colleagues (Bedner et al., 2006) , Cx36 channels are less permeable to cAMP than are Cx45 channels, a channel characteristic that could be important for signaling cascades in embryonic heart development. As described by other researchers (Kumai et al., 2000; Nishii et al., 2001 ) Cx45 seems to have an important role in the Ca 2+ -calcineurin-NF-ATc1 signaling cascade, which activates epithelialmesenchymal transition. This process induces the formation of the endocardial cushion, which later forms the structural components of valves and septa. Thus, Cx45 channels could contribute to signaling cascades during embryonic heart development that cannot be restored by Cx36.
Previous studies on connexin-knock-in mice have already addressed the question of why there are so many different connexins. On the one hand, the variety of gap junction channels suggests specification, because each connexin isoform has its own expression pattern as well as functional and biophysical properties. On the other hand, functional replacement of one connexin with another has been described in several cases. The replacement of Cx43 was analyzed in four different knock-in mouse lines: Cx43KICx32, Cx43KICx40 , Cx43KICx31 (Zheng-Fischhöfer et al., 2006) and Cx43KICx26 (Winterhager et al., 2007) . The early postnatal lethality characteristic for Cx43 deficiency (Reaume et al., 1995) was prevented in all except the Cx43KICx31 mice. But functional compensation did not occur, because morphological (Cx43KICx31) and/or electrophysiological alterations (Cx43KICx31, Cx43KCxI26) were observed in the hearts as well as a tendency to spontaneous ventricular arrhythmias (Cx43KICx32, Cx43KICx40). Also, other connexin-knock-in studies that addressed the redundancy of connexins in the mouse lens (Cx50KICx46) (White 2002; Xia et al., 2006) and the heart and arterioles (Cx40KICx45) (Alcoléa et al., 2004; Wölfle et al., 2007) showed that some connexins are highly specialized and cannot replace each other functionally. Interestingly, functional redundancy of several connexins has been reported in the skin. Deletion of Cx43, Cx31 or Cx30 did not cause any structural or functional aberrations in the epidermis (Kretz et al., 2004 ).
Our results demonstrate that Cx36 and Cx45 channels, which are expressed in distinct interneurons, have properties in common that allow them to provide the same function in the adult retina. During cardiac development, however, Cx45 channels fulfill an essential role that cannot be provided by Cx36. Whether Cx36 can replace Cx45 in the adult mouse heart is currently under investigation. The same connexin channels might have different roles during development and in adult tissue.
Materials and Methods
Animals
Mice were maintained under a 12-hour light:dark cycle and standard housing conditions, with food and water ad libidum. All experiments were carried out in accordance with the institutional guidelines for animal welfare and the German law on experiments with animals.
Cloning of the pCx45KI36-IRES-lacZ targeting vector and transfection into ES cells
The Cx45knock-inCx36 construct (Fig. 1A) was embedded in a pBluescriptII SK + vector backbone (Stratagene, La Jolla, CA). For optimal transcription of the Cx36 gene under the control of the Cx45 promoter, a 260 bp PCR fragment spanning the Cx45-specific splice acceptor and Kozak consensus sequences as well as Cx36 exon 1 was inserted into the mouse genomic Cx36 DNA of pCx36 (Güldenagel et al., 2001) , to replace the 5Ј UTR, exon 1 and the intron sequence of this plasmid. After verifying the nucleotide sequence of the cloned fragment and the continuity of the Cx45 and Cx36 open reading frames, a 4.3 kb XbaI-ClaI fragment and a 1.5 kb EagI fragment, previously isolated from a mouse genomic DNA phage library (Krüger et al., 2000) , were inserted as 5Ј and 3Ј homologous regions, respectively, into the XbaI site of pBlueskriptII SK + . To allow conditional deletion of the Cx45 coding region, a loxP-site was cloned into the intron in front of Cx45 exon 3. A DNA fragment harboring a SV40 polyA signal was inserted into the SmaI site downstream of the Cx45 stop codon followed by DNA of a 1.95 kb phosphoglycerate kinase (PGK) promoter-driven neomycin selection cassette cloned in opposite direction relative to the Cx45 coding region and flanked by two frt sites as well as the second loxP site (Meyers et al., 1998) . Between the second loxP site and the 3Ј homologous region of Cx45, several DNA fragments were inserted to allow simultaneous transcription of Cx36 and the lacZ reporter gene: a EcoRV-SmaI fragment of modified plasmid pCx36 containing the sequences of the Cx45 splice acceptor, the Kozak consensus sequence and Cx36 exon 1, as well as a 4.7 kb IRES-lacZ fragment excised by a XbaI-EcoRI digest from plasmid pTetOCMV-Cx43-IRES-lacZ (B.E., unpublished). The final targeting vector pCx45KI36-IRES-lacZ was analyzed by restriction mapping and partial sequencing. The functions of loxP and frt sites were verified by transformation of E. coli expressing Cre or Flp recombinase (Buchholz et al., 1996) . The final targeting vector DNA (300 g) was linearized by NotI digestion and transfected into HM1 embryonic stem (ES) cells (Magin et al., 1992) . Selection of recombinant cell clones was performed using 350 g G418 (Sigma, St Louis, MO) per ml culture medium. ES cell clones were tested by PCR and Southern blot hybridization for homologous recombination events.
Generation and genotyping of transgenic mice
Homologously recombined ES cell clones were injected into C57BL/6 blastocysts. Male chimera were mated to C57BL/6 females, and offspring were tested for germline transmission of the mutant allele by PCR. Backcrossing to C57BL/6 mice was performed until a genomic background of 93.7% C57BL/6 was obtained. By mating the offspring with deleter-Flp mice (Rodriguez et al., 2000) , ubiquitous deletion of the neomycin cassette was achieved. These animals were mated to PGKCre mice (Lallemand et al., 1998) , which resulted in offspring with a deletion of the floxed Cx45 coding region and its exchange for Cx36 and lacZ, which encodes the protein -galactosidase (-gal). The mice were designated Cx45
Cx36/+ mice. To obtain mice with neuron-directed gene replacement, floxed mice were crossed with NestinCre animals (Tronche et al., 1999) resulting in Cx45
:Nestin-Cre mice. By breeding floxed mice with MyHC-Cre-expressing animals (Agah et al., 1997) , cardiomyocyte-directed gene exchange was achieved, resulting in Cx45
: MyHC-Cre mice.
The following PCR strategy was established for genotyping mice; an amplicon of 500 bp was obtained for the wild type, an amplicon of 600 bp for the floxed and 650 bp for the knock-in allele. The PCR was performed with the primers I5FC-for (5Ј-GGA TTA AAG GCA TGT GTC ACC ACT CTT GGC-3Ј) and E3-rev (5Ј-GGA ATT GGT TTG CCC TGG TAG GTG AAA AG-3Ј) in the presence of 2 mM MgCl 2 under the following conditions: 94°C for 4 minutes; 94°C for 2 minutes, 67°C for 1 minute, and 72°C for 1 minute, 35 cycles; 72°C for 10 minutes.
To verify correct genomic recombination after Flp and Cre recombinase activity, Southern blot hybridization was performed with KpnI-digested DNA from mice with all possible genotypes and a radioactively labeled probe for the 5Ј region in front of Cx45 exon 1. The wild-type allele could be detected by a band of 6.2 kb and the floxed allele including the neomycin cassette (Cx45
) by a fragment of 9.5 kb. After Flp-recombinase activity in mutant mice, a floxed allele without the frtflanked neomycin selection cassette (Cx45 fl [Cx36] ) occurred and could be demonstrated by an 8.1 kb band. Cre-recombinase activity led to the knock-in allele (Cx45
Cx36
), which is indicated by a 4.7 kb band.
Immunoprecipitation analyses
Immunoprecipitation and immunoblot analyses for detection of the Cx36 protein in retinal lysates were performed as described (Urschel et al., 2006) .
Tissue preparation and histological analyses
To ensure defined adaptational conditions for all retinae within an experimental group, mice were removed from the housing facility 2 hours after the start of the light phase, anaesthetized with CO 2 and killed by cervical dislocation under normal room light. Eyecups from adult Cx45 :MyHC-Cre males. Successful matings were identified by the presence of a vaginal plug on the next morning, which was regarded as E0.5. Pregnant mice were sacrificed by cervical dislocation and embryo preparations were performed on E9.5-12.5. Embryos were transferred to cold phosphate buffered saline (PBS -, pH 7.4) and fixed in either 4% paraformaldehyde for paraffin sections or 0.2% glutaraldehyde for whole-mount -gal staining. For histological analyses embryos were fixed for 2 hours in 4% paraformaldehyde, dehydrated in graded series of ethanol and embedded in Paraplast plus (Sherwood Medical Co., St Louis, MO). Five-micrometer sections were cut serially and stained with hematoxylin and eosin.
Histochemical staining for -galactosidase and acetylcholine esterase
For -galactosidase staining, retinal and heart cryosections (18 m) as well as whole embryos were fixed for 5-20 minutes in 0.2% glutaraldehyde. Staining was performed using the substrate 5-bromo-4-chloro-3-indolyl--galactoside (X-gal) as described previously (Krüger et al., 2000) .
For detection of acetylcholine esterase, heart cryosections (18 m) were fixed in 4% paraformaldehyde for 10 minutes at room temperature. After two washing steps in PBS -, slices were incubated in staining solution (65 mM sodium acetate, pH 5.0, 1.73 mM acetylthiocholine iodide, 15 mM sodium citrate, 3 mM CuSO 4 , 0.5 mM tetra(monoisopropyl)pyrophosphortetramide (isoOMPA), 5 mM K 3 [Fe(CN) 6 ], 1% Triton-X100) for 2 hours at 37°C. Slices were washed twice with PBS -and stained for 5 minutes in eosin.
Immunofluorescence analyses
For immunofluorescence analyses on retinal cryosections of Cx45 mice were fixed for 5 minutes with 4% paraformaldehyde, washed three times with Tris-buffered saline, pH 7.4, 0.3% Triton X-100 (TTBS) and blocked with 5% normal goat serum. The sections were incubated with primary antibodies [rabbit anti-mouse Cx36, Zymed, diluted 1:200; and rabbit anti-mouse Cx45 (Dedek et al., 2006) , diluted 1:750] in blocking solution at 4°C overnight. Afterwards, sections were washed extensively in TTBS and incubated with secondary antibodies (AlexaFluor-488-conjugated goat anti-rabbit IgG, Mobitech, Goettingen, Germany; diluted 1:1000 in blocking solution) for 1 hour at room temperature. Nuclei were stained with propidium iodide (diluted 1:25,000 in TTBS). Finally, sections were washed in TTBS and mounted in Vectashield (Vector Laboratories).
Acquisition of fluorescent images and statistical analyses
Immunofluorescence images were taken with a Leica TCS SL confocal microscope. Scanning was performed with a 40ϫ/1.25 or a 63ϫ/1.32 Plan-Apochromat objective at a resolution of 1024ϫ1024 pixels. Scans of different wavelengths were done sequentially to rule out overlap between red and green channels. Images of retinal cryosections are presented as projections of stacks of 15ϫ0.2 m scans (3 m thickness). To evaluate the distribution of Cx36 and Cx45, images were superimposed and adjusted in brightness and contrast using either Photoshop 7.0 (Adobe, San Jose, CA) or ImageJ (NIH, Bethesda, MD). Cx36] retinae was analyzed for retinal cryosections cut within ~2 mm of the optic disk, which were double-labeled with antibodies against Cx36 and Cx45. Three confocal images were taken from each section of mutant and control retinae at a maximum distance of ~1 mm from the section center (central retina), with identical microscope settings (laser intensities, gain and off-set) and on the same day. Using ImageJ, Cx36 and Cx45 immunosignals were automatically counted in defined areas of 150ϫ150 pixels (302.76 m 2 ). For each image, five 150ϫ150 pixel areas were placed in the OFF and ON sublamina of the IPL, resulting in 15 regions per sublamina and retinal section of mutant and control retinae in which signals were counted. To discriminate against background and to ensure an accurate count, an intensity threshold was set manually. It was set low enough to accept all immunosignals (minimum size 5ϫ5 pixels) that appeared brighter than background, but high enough to still count individually single plaques. The same intensity and size thresholds were used for all images taken from the sections of mutant and control retinae on the same day. To estimate variation in Cx36 and Cx45 immunostaining within each mouse, immune signals counted in the fifteen areas (150ϫ150 pixels each) placed in the OFF and ON sublamina of the IPL of mutant and control retinal sections, were averaged to obtain the medians. To test the significance of differences between mutant (n4) and control retinae (n4) Prism 5.0 software (GraphPad Software Inc., La Jolla, CA) was used. The means and s.d. of the medians were compared using the non parametric Mann-Whitney test (onetailed). (n5) mice, aged 6-9 months. Before commencement of the recordings, the animals were dark-adapted for at least 12 hours, and subsequent handling and injections of anesthetics (xylazine: 50 mg/kg, ketamine: 20 mg/kg, intraperitoneal) were performed under dim red darkroom light. The mouse was placed sideways on a temperature-regulated platform (Roland Consult, Brandenburg, Germany) with its head fixed with surgical tape. Pupils were dilated with 1% atropine sulfate, and the eye was protected by moistening the cornea with a thin layer of Methocel. A gold coil electrode was placed onto the corneal surface in the center of the eye and a platinum needle reference electrode was inserted subcutaneously into the skin covering the skull. A second platinum needle grounding electrode was placed subcutaneously in the tail. A calibrated Ganzfeld ERG setup was used for light stimulation (Q450, Roland Consult). Electrical potentials were recorded and band-pass filtered (1-1000 Hz) using a ML132 Bioamplifier (AD Instruments, Hastings, UK). Ten responses were averaged at each intensity, digitized online, and stored on a computer via a PowerLab A/D converter (AD Instruments). The a-wave amplitude was measured from baseline, which was determined by the mean voltage within a 30 msecond period before the light flash to a-wave trough, and the b-wave amplitude was determined from a-wave trough to the b-wave peak, including oscillatory potentials. Oscillatory potentials were analyzed by band-pass filtering the original responses (30-300 Hz) and performing fast Fourier transformation (FFT) on this filtered signal. Peak power and the frequency where peak power occurred (peak frequency) were determined from the FFT. Data were analyzed with Chart v5.1 (AD Instruments) using the evoked response extension for measuring amplitudes, and statistical analysis was performed with JMP 5.0 (SPSS, Chicago, IL). Results were plotted using Deltagraph v5 (SPSS).
Electroretinographic recordings
Videomicroscopy
For analysis of embryonic heart beating, the uterus of pregnant mice was removed on E10.5 and transferred in cold tyrode solution (140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM HEPES, pH 7.4). Embryos were quickly dissected and kept in tyrode solution at 37°C for 5 minutes before recording in a temperature controlled recording chamber. Movies of beating hearts were recorded for 1 minute at 100 frames/second and the beating frequencies of atria and ventricles were analyzed off-line with a custom-written software (Labview 7.1 and IMAQ, National Instruments, Munich, Germany). The means and s.d. were compared with the Student's t-test (two-tailed).
